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Abstract

Background and Objectives: The GAA repeat expansion within the fibroblast

growth factor 14 (FGF14) gene has been found to be associated with late-onset

cerebellar ataxia. This study aimed to investigate the genetic causes of cerebellar

ataxia in patients in Japan. Methods: We collected a case series of 940 index

patients who presented with chronic cerebellar ataxia and remained genetically

undiagnosed after our preliminary genetic screening. To investigate the FGF14

repeat locus, we employed an integrated diagnostic strategy that involved fluo-

rescence amplicon length analysis polymerase chain reaction (PCR), repeat-

primed PCR, and long-read sequencing. Results: Pathogenic FGF14 GAA repeat

expansions were detected in 12 patients from 11 unrelated families. The median

size of the pathogenic GAA repeat was 309 repeats (range: 270–316 repeats). In

these patients, the mean age of onset was 66.9 � 9.6 years, with episodic symp-

toms observed in 56% of patients and parkinsonism in 30% of patients. We

also detected FGF14 repeat expansions in a patient with a phenotype of multi-

ple system atrophy, including cerebellar ataxia, parkinsonism, autonomic ataxia,

and bilateral vocal cord paralysis. Brain magnetic resonance imaging (MRI)

showed normal to mild cerebellar atrophy, and a follow-up study conducted

after a mean period of 6 years did not reveal any significant progression. Dis-

cussion: This study highlights the importance of FGF14 GAA repeat analysis in

patients with late-onset cerebellar ataxia, particularly when they exhibit episodic

symptoms, or their brain MRI shows no apparent cerebellar atrophy. Our find-

ings contribute to a better understanding of the clinical variability of

GAA-FGF14-related diseases.

Introduction

Late-onset cerebellar ataxia belongs to a heterogeneous

group of neurodegenerative disorders that are difficult to

diagnose molecularly. Recent research has made ground-

breaking discoveries in understanding the genetic basis of

these ataxias. Notably, a monoallelic GAA repeat

expansion within the first intron of the fibroblast growth

factor 14 (FGF14) gene has emerged as a major genetic fac-

tor associated with late-onset ataxia, alongside the biallelic

repeat expansions in the RFC1 gene.1–3 The GAA expan-

sion within the FGF14 gene is responsible for the develop-

ment of spinocerebellar ataxia 27B (SCA27B), which has

been detected in a significant proportion (10–61%) of
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patients with late-onset ataxia across diverse ethnic

backgrounds.1,2,4–7 The high prevalence of this genetic

abnormality highlights the need to identify potential treat-

ment options. One study demonstrated that 4-

aminopyridine results in symptomatic improvement and

thus has therapeutic potential.4 Furthermore, GAA repeats

in FGF14 have been detected in patients who exhibit

RFC1-negative cerebellar ataxia accompanied by neuropa-

thy and vestibular areflexia syndrome.6 This finding

expands the clinical spectrum of GAA-FGF14-related dis-

eases and underscores the potential phenotypic similarities

with RFC1-related disorders.

In Japan, approximately 73% of patients with heredi-

tary ataxia, including late-onset cerebellar ataxia, remain

undiagnosed.8 Based on recent advancements, we con-

ducted a thorough analysis of the FGF14 GAA repeat

expansion using a diagnostic strategy integrating long-

range polymerase chain reaction (LR-PCR), repeat-primed

PCR (RP-PCR), and long-read sequencing using Oxford

Nanopore Technology platforms. We successfully identi-

fied FGF14 pathogenic repeat expansions from 12 patients

who exhibited remarkable clinical variability.

Methods

Enrollment criteria

We conducted a comprehensive study involving 1288

unrelated Japanese index patients with chronic progressive

cerebellar ataxia who were referred to our laboratory for

genetic testing. Among these cases, 101 were clinically

suspected to have multiple system atrophy, cerebellar type

(MSA-C). All patients underwent examinations by their

respective neurologists, and their clinical data along with

blood samples were submitted. Blood samples were col-

lected from medical clinics and institutions situated in

western Japan, primarily from the Kyushu region (includ-

ing Kagoshima, Miyazaki, Oita, Fukuoka, and Okinawa

Prefectures) as well as the Ehime Prefecture. Approval for

this study was obtained from the Institutional Review

Board of Kagoshima University (Application ID: 490).

Prior to their involvement, all participants provided

informed consent to participate in this study.

Preliminary screening

In the initial screening phase, we examined the samples

for repeat expansions associated with various hereditary

ataxias, including SCA1, SCA2, SCA3, SCA6, SCA7,

SCA8, SCA12, SCA17, SCA31, DRPLA, FXTAS, and

PRNP gene point mutations. Additionally, whole-exome

sequencing was performed in a subset of undiagnosed

patients using Ion Proton (Thermo Fisher Scientific, Inc.,

Waltham, MA, USA). Subsequently, the remaining

undiagnosed patients without a family history of autoso-

mal dominant inheritance were screened for RFC1 repeat

expansions. The detailed workflow has been described

previously,8,9 and the study flowchart is shown in

Figure 1A. Age of onset distribution in our cerebellar

ataxia cohort are summarized in Table S1.

Molecular analysis of FGF14 GAA repeat
expansion

For the 940 index patients who tested negative in the pre-

liminary screening, we conducted analyses of FGF14 GAA

repeat expansions. According to previous reports, we

designed primers and performed RP-PCR and fluorescence

amplicon length analysis PCR (AL-PCR).1,2,5 All PCR

products were subjected to capillary electrophoresis using

the ABI PRISM 3130xL Genetic Analyzer (Applied Biosys-

tems, Foster City, CA, USA), and the results were visual-

ized using the Peakscanner software (Applied Biosystems).

Representative examples of PCR electrophoresis, AL-PCR,

and saw-tooth patterns obtained from RP-PCR are shown

in Figure 1B–D. In accordance with previous studies, more

than 250 GAA repeats were defined as pathogenic.1,2

To accurately determine the repeat size in patients in

whom the presence of GAA repeats was confirmed via

the aforementioned analyses, we performed long-read

sequencing using the GridION platform (Oxford Nano-

pore Technologies, Oxford, UK) with the adaptive sam-

pling option. The region of interest is listed in Data S1.

Base calling of the acquired sequences was performed using

Guppy in super accuracy mode. We used the tandem-

genotypes-plot command to generate a histogram showing

differences in the number of repeat units relative to the

reference human genome (Fig. 1E). Repeat numbers were

determined using consensus sequences generated using

tandem-genotypes-merge and lamassemble10,11 (Fig. 1F).

Statistical analysis

To compare frequencies or numerical variables, the

Mann–Whitney U-test and Pearson’s correlation tests

were utilized. A P < 0.05 was considered statistically sig-

nificant. All statistical analyses were conducted using

GraphPad Prism version 9.3.1 (GraphPad Software Inc.,

San Diego, CA, USA).

Results

Analysis of repeat expansion in FGF14

Pathogenic GAA repeats (>250) in FGF14 were identified

in 11 unrelated families among the 940 index patients
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with cerebellar ataxia included in this study. A subsequent

analysis revealed GAA repeats from a sister (F7-II) of

patient F7 (F7-I). Among all these 12 patients, their GAA

repeat numbers were evaluated using both AL-PCR and

nanopore sequencing, and their GAA repeats were found

ranging from 270 to 361, with a mean value of 309

repeats (Table 1). We further conducted a correlation

analysis, and verified a linear relationship between the

product length obtained through AL-PCR and actual

repeat number revealed by nanopore sizing (Fig. 2A).

Similar to previous reports,5 the repeat size determined

with nanopore sequencing was larger than expected based

on the PCR product size, and this discrepancy became

more pronounced with increasing repeat size (Fig. 2A).

Altogether, FGF14 GAA repeat expansions were detected

in 1.2% (11 out of 940) of index patients with genetically

undiagnosed cerebellar ataxia. Therein, in a subgroup of

patients with late-onset (>30 years) cerebellar ataxia, but

without a diagnosis of MSA, we identified FGF14 GAA

repeats in 0.9% (9 out of 1151) of cases.

In three patients for whom a long product was obtained

using LR-PCR and AL-PCR, but not RP-PCR, long-read

sequencing revealed a unique repeat genotype in FGF14:

(GAA)22/(GAA)22[(GAA)1–4(GCA)1–3]151(GAA)119, (GAA)8/

(GAA)10[(GAA)1–5(GCA)1–2]107(GAA)71, (GAA)23/(GAA)22
[(GAA)1–4(GCA)1–2]202(GAA)69, respectively. Previous

reports observed (GAAGGA)n repeats and [(GAA)4(GCA)1]n
repeats in the control group, suggesting that the non-GAA

expansions at the FGF14 locus are not associated with

late-onset cerebellar ataxia.1,2 Therefore, we classified this

repeat expansion as nonpathogenic.

Clinical summary

Table 1 summarizes the clinical findings of the 12 patients

with FGF14 pathogenic repeat expansions. These expansions

were sporadic in 10 of the 11 families (91%), and only 1

family (9%) had a positive family history (F7; Data S2). The

mean age of disease onset was 66.9 � 9.6 years (range: 50–
79 years), and 75% of the patients were women. All patients

exhibited cerebellar ataxia, of which 56% (5 out of 9)

showed episodic symptoms, including episodic ataxia and

episodic symptomatic fluctuation. Additionally, parkinson-

ism was observed in three patients: patient F3 presented with

non-levodopa-responsive muscle rigidity, resting tremor,

and a shuffling gait; patient F9 exhibited muscle rigidity and

shuffling gait, but no administration of levodopa; patient

F10 displayed non-levodopa-responsive muscle rigidity,

Figure 1. Flowchart, representative results of the FGF14 gene repeat analyses. (A) Comprehensive preliminary genetic screening of 1288

unrelated patients with cerebellar ataxia. The FGF14 repeat expansion was analyzed in 940 families/patients who tested negative after preliminary

screening. FGF14 GAA repeat expansion was the eighth most frequent causative gene in our cohort. (B) PCR electrophoresis; NC, negative

control. (C) Fluorescence amplicon length analysis PCR. (D) Saw-tooth patterns obtained from repeat-primed PCR. (E) Histogram of FGF14 repeat

obtained from long-read sequencing.
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bradykinesia, and a shuffling gait. Autonomic dysfunction

in two patients, while motor neuropathic symptoms, such as

muscle weakness/atrophy, were not observed.

Patient F10, who presented with cerebellar ataxia, par-

kinsonism, and autonomic failure, also developed bilateral

vocal cord palsy. Although brain magnetic resonance

imaging (MRI) showed only slight cerebellar atrophy, the

diagnosis of MSA was made based on clinical features.

The detailed clinical course of this patient is described in

Data S3 and Figure S1.

Electrophysiological analyses were performed on two

patients, which revealed a slight decrease in median sen-

sory nerve conduction velocity and tibial motor nerve

conduction velocity (Table S2).

Genotype–phenotype correlation

No significant correlation was observed between the age

of onset and repeat size (P = 0.27, Pearson’s correlation,

Fig. 2C). Furthermore, no significant differences in repeat

size were observed in patients with or without episodic

symptoms (P = 0.62) or parkinsonism (P = 0.52)

(Mann–Whitney U-test; Fig. 2D, E).

Radiological findings

Brain MRI data were available for 11 of the 12 patients and

showed mild cerebellar atrophy (n = 5), slight cerebellar

atrophy or almost normal (n = 5), and no cerebellar atro-

phy (n = 1) (Table 1, Fig. 3A, Figure S2). None of the

patients exhibited brainstem atrophy. Single-photon emis-

sion computed tomography of patients F7-I and II who

had mild cerebellar atrophy showed hypoperfusion con-

fined to the cerebellum (Fig. 3B, C, Figure S3A,B). How-

ever, two patients did not show cerebellar hypoperfusion

(F3 and F10, data not shown). DaTscan (123I-ioflupane

single-photon emission computed tomography) of patient

F9 with parkinsonism showed reduced striatal uptake of

dopamine transporter (Fig. 3D, Figure S3C). These radio-

logical characteristics are summarized in Table 1.

Figure 2. Statistical analysis of genetic findings and clinical findings. (A) Correlation analysis indicates a linear relationship between the product

length in FGF14 obtained through AL-PCR and actual repeat number revealed by nanopore sizing. (B) No significant correlation is identified

between the onset age and repeat number (Pearson’s correlation test, P > 0.05). (C, D) No significant difference is observed in repeat numbers

between the groups with positive and negative cases of episodic ataxia or parkinsonism (Mann–Whitney U-test, P > 0.05).
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Brain MRI follow-up studies were conducted in seven

patients, with a mean interval of 6 years (range: 4–
8 years). Throughout this observation period, none of the

patients showed significant progression of cerebellar atro-

phy (Fig. 3, Figure S2).

Discussion

In our study, which involved a case series of 940 index

patients with undiagnosed cerebellar ataxia, we identified

pathogenic FGF14 repeat expansions in 11 unrelated

Figure 3. Brain MRI and scintigraphy of patients with FGF14 GAA repeat expansions. (A) Brain MRI of F1, 3, and 7-II. F1 and F7-II exhibit slight

and mild cerebellar atrophy, respectively. While F3 shows no signs of cerebellar atrophy. Brain MRI follow-up indicates minimal longitudinal

progression of cerebellar atrophy. Brain MRI follow-up showed minimal longitudinal progression of cerebellar atrophy. (B, C) Isopropyl-p-

iodoamphetamine (IMP)-single-photon emission computed tomography (SPECT) of patient F7-I and ethylene cysteinate dimer (ECD)-SPECT of F7-II.

In both patients, hypoperfusion can be observed, specifically limited to the cerebellum. (D) DaTscan (123I-Ioflupane SPECT) of patient F9. A

decrease of striatal uptake is evident. All images depicting these radiological findings are available in Figure S1 and S2.
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families. This finding represents advancements in our

diagnostic rate and expands the genetic spectrum within

our case series of cerebellar ataxia.

FGF14 point mutations have been reported to cause SCA27

and episodic ataxia type 9, respectively.12,13 More recently, an

autosomal dominant expansion of GAA repeats in FGF14

emerged as a common cause of hereditary ataxia, particularly

late-onset cerebellar ataxia (SCA27B, MIM 620174).1,2 The

initial report uncovered a complete penetrance of (GAA)>300
expansions and an incomplete penetrance of (GAA)250–300
expansions in FGF14.1 SCA27B due to FGF14 GAA repeats

has been identified in ataxia cohorts from various ethnic

backgrounds, including French–Canadian, German, Austra-

lian, Indian, and French populations.1,2,4–7 Additionally, a

family lineage with a monoallelic FGF14 GAA repeat and bial-

lelic RFC1 AAGGG repeats was reported from Chile.14 Taken

together, these findings suggest that FGF14 is implicated in

cerebellar ataxia across diverse ethnic groups. However,

FGF14 repeat expansions have not been documented so far in

the Japanese cerebellar ataxia cohort whose genetic character-

istics remained unclear.

In this study, we detected FGF14 GAA repeat expan-

sions in 1.2% (11 out of 940) of index patients with

undiagnosed cerebellar ataxia. This frequency is lower

than that reported in previous studies. Pellerin et al.

reported frequencies of 61%, 18%, 15%, and 10% in

French-Canadian, German, Australian, and Indian

cohorts, respectively.1 The occurrence of GAA-FGF14-

related disease may be relatively low in Asian countries,

including Japan. However, it is important to acknowledge

the impact of potential patient enrollment bias as a limi-

tation of our study. Specifically, our case series included

approximately 100 patients with MSA, and it is possible

that it also included patients with nonhereditary ataxia,

such as immune-mediated cerebellar ataxia. These factors

might have contributed to the observed low frequency of

GAA-FGF14-related disease in our study.

An examination of the clinical records of the 12

patients with FGF14 GAA repeat expansions revealed that

most patients exhibited a late-onset pure cerebellar form

of the disease, with episodic symptom fluctuations

observed in 56% of patients. Although the age of onset

has been reported to have an inverse correlation with the

size of FGF14 GAA repeats in certain studies,1,2,5,6 other

study has reported no correlation.5 In our statistical anal-

ysis, we observed a trend suggesting decreasing age at

onset with increasing repeat size; however, this trend did

not reach statistical significance. Episodic symptoms have

been previously observed in 13–59% of patients with

GAA-FGF14-related disease, representing a characteristic

feature of the condition.1,4,6

Additionally, we identified Parkinsonism in 30% (3/10)

of our patients. Whole exome analysis was conducted on

these patients and no known gene mutations associated

with parkinsonism were detected. Parkinsonism is consid-

ered a rare symptom in GAA-FGF14-related disorders,7

and thus far, only one patient with bradykinesia has been

reported.6 Furthermore, we identified the FGF14 patho-

genic repeat expansion in a patient who was clinically diag-

nosed with MSA-C, characterized by cerebellar ataxia,

parkinsonism, autonomic neuropathy, and bilateral vocal

cord palsy. Despite the penetrance of (GAA) expansions

spanning between 250 and 300 may not be complete, this

patient carrying 273 (GAA) expansions, exhibited clinical

and radiological characteristics consistent with SCA27B, in

contrast to her initial clinical diagnosis of MSA-C. There-

fore, it is advisable to consider genetic screening for FGF14

repeat expansions in patients with such clinical symptoms.

We provided detailed radiographic findings for 11

patients with GAA-FGF14-related diseases. Brain MRI

revealed variable extents of cerebellar atrophy, which were

classified as mild (n = 5), slight or nearly normal (n = 5),

and completely normal (n = 1). None of these patients

displayed brainstem atrophy. Furthermore, after a mean

follow-up period of 6 years, brain MRI did not reveal any

notable progression of cerebellar atrophy. Cerebellar atro-

phy in GAA-FGF14-related disease has been reported to

be mild.7 Previous MRI follow-up results in one case

indicated only mild progression of cerebellar atrophy.4

Our longitudinal MRI analysis further supports and rein-

forces these findings. Cerebellar neuropathology in

GAA-FGF14-related disease typically manifests as cerebel-

lar cortical atrophy, predominantly affecting the vermis,

with less involvement of the hemispheres.4 Therefore,

attention should be directed toward the cerebellar vermis

when examining brain MRI to detect cerebellar atrophy

in these patients. However, it is important to note that

there might be patients in whom cerebellar atrophy is

minimal or absent over prolonged periods of time.

Our diagnostic strategy, which included LR-PCR, AL-

PCR, RP-PCR, and long-read sequencings, has shown

promising results. The utilization of adaptive sampling with

GridION has enabled us to rule out the possibilities of

other known repeat expansion disorders simultaneously.

Limitations of the current study comprise incomplete clini-

cal data by local hospitals and insufficient segregation anal-

ysis, particularly in patients without a family history.

In conclusion, our study identified FGF14 GAA repeat

expansions in 1.2% of a large Japanese case series of

patients with genetically undiagnosed cerebellar ataxia.

This is the first report of GAA-FGF14-related disease in

Japan. Repeat expansion analysis of FGF14 is recom-

mended for patients presenting with late-onset cerebellar

symptoms, especially when accompanied by episodic

symptoms or when brain MRI reveals only mild cerebellar

atrophy or normal findings. The clinical variability
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observed in our patients, particularly the undescribed

phenotype of MSA, has expanded the clinical spectrum of

GAA-FGF14-related diseases.
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Table S1. Age of onset distribution in our cerebellar

ataxia cohort.
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Data S2. A family tree (F7) with a family history.

Data S3. The clinical course of F9 (FGF14 16/273

repeats).

Data S4. Laryngeal fiberscope findings in F9.

Table S2. Electrophysiological findings of F1 and F9.

Figure S1. Brain MRI of all patients with FGF14 GAA

repeat expansions and longitudinal follow-up.

Figure S2. Full scintigraphic image of patients with

FGF14 GAA repeat expansions.
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